Abstract-This paper describes the power speed characteristics of a novel double-stator permanent magnet generator integrated with a magnetic gear (MG) using 2-D finite element method (2D-FEM). The machine is proposed for lowspeed applications and it has a novel structure with two iron ring pole pieces and three permanent magnet rotors consisting of an outer field PM, inner field PM and prime PM. A prototype of the proposed machine is constructed and tested experimentally. The power characteristics including voltage, current, torque and speed are analyzed and compared with the measured results. The measured power characteristics are in good agreement with the calculated results but there is limitation on the measured speed characteristics which is primarily due to the constraint on the transmission torque of the magnetic gear. The predicted and measured results validate the proposed machine design.
INTRODUCTION
Research into efficient power generation from renewable energy has attracted a lot of interest from both industries and research institutions. Typically, electrical energy is produced from a combination of prime mover and generator. Mechanical energy is used to generate an external force which rotates the generator's shaft. Examples of prime movers are automobile engines, steam turbines, gas turbines, hydro turbines, and wind turbines. A mechanical gearbox coupled to a high speed electrical machine can convert the rotational speed and torque of prime movers. However problems of size, lubrication, noise, vibration, maintenance and reliability can limit the performance of the electrical machine.
In the last 10 years research, in magnetic gears has increased because of their potential for efficient high torque transmission, inherent overload protection, lubrication-free operation and lower acoustic noise when compared with mechanical gearboxes [1] . Also various types of magnetic gears such as coaxial magnetic gears [2] , linear magnetic gears [3] and axial magnetic gears [4] have been proposed and reported to have a transmitted torque density greater than 100 kNm/m 3 . The coaxial magnetic gear concept seems to have attracted much attention because of their good utilization of PMs and high transmission torque density. Unfortunately its complex structure makes it mechanically difficult to fabricate. Some studies on various types of MGs have been reported [4] - [15] and their characteristics verified with experimental data. Reference [16] compared radial-flux, transverse-flux and axial flux-magnetic gears and concluded that radial-flux magnetic gears have superior torque density, but experimental data was not reported. Studies [17] [18] [19] have shown that a magnetic gear integrated with a brushless permanent magnet machine could result to a compact and cost effective electromechanical machine. This paper proposes a novel structure of a doublestator permanent magnet machine which incorporates a triple rotor coaxial magnetic gear. The operating principle, gear ratio, transmission torque and magnetic flux density in both inner and outer air-gaps are described using 2-D FEM. In addition, the measured power characteristics using a prototype are compared with the predicted results and reported.
II. MACHINE STRUCTURE

A. Magnetic Gear
The proposed double-stator PM machine is integrated with a triple rotor magnetic gear which consists of 4 pole-pair outer field PMs, 13 pole-pair prime PMs and 4 pole-pair inner field PMs. The resultant structure is shown in Fig. 1 . The inner air gap between the prime rotor and inner rotor contains a stationary iron ring of 17 pole pieces while the outer air gap between the prime rotor and outer rotor similarly contains 17 stationary pole pieces. For the outer and inner stators both are designed with 12 slots. The topology of the proposed machine utilizes an inverse magnetic gear concept which results to a complex structure with three PM rotors and six air gaps.
It has been shown [20] that the number of pole-pairs in the space harmonic flux density distribution generated by either outer or inner rotor PMs, is governed by: 
where p is the number of permanent magnet pole-pairs, n s is the number of stationary steel pole-pieces, r and s the angular velocities of the PM rotor and pole-pieces respectively. The rotational velocity of the magnetic flux density space harmonics is given by: (2) where r is the angular velocity of the PM rotor. From (2) it can be observed that the introduction of ferromagnetic polepieces results to the velocity of the space harmonics different from the velocity of the PM rotor. Consequently for torque transmission to occur at a different rotational speed, the number of PM pole-pairs must be equal to the number of space harmonic pole-pairs for which k 0. Also to obtain the highest asynchronous space harmonic, m = 1, k = 1 and the number of PM pole-pairs must be equal to (n s p). A steady torque is transmitted as p 1 , p 2 and n s are related by:
where n s is the number of stationary steel pole-pieces, p 1 and p 2 are the number of pole-pairs on the high speed outer rotor the low-speed inner rotor respectively.
B. Operating Principle
In this magnetic gear structure shown in Fig. 1 , there is an outer rotor consisting of p 1 pole-pair field permanent magnets (PMs) rotating at 1 ; a middle rotor consisting of prime PMs rotating at 3 and an inner rotor consisting of p 5 pole-pair field PMs rotating at 5 . The structure consists of an integrated outer and inner magnetic gear which operates with three independent PM rotors. If the relationship between the outer field PM poles and outer stationary ring poles is chosen to be [20] and the inner field PM poles and inner stationary ring poles is chosen to be the rotational angular speed relation between the two rotors in the outer gear is expressed as (4) while the rotational angular speed relation between the two rotors in the inner gear is expressed as (5) If both inner and outer field PMs rotate at the same velocity i.e., 15 = 1 = 5 , similarly if both inner and outer iron ring pole pieces are stationary i.e., 24 = 2 = 4 = 0 with equal number of iron ring pole pieces n 24 = n 2 = n 4 combining (4) and (5) the equation relating the three PM rotors can be reduced to (6) (7) For the MG design p 1 = p 5 = 4 pole-pairs of outer and inner field PMs, n 2 = n 4 = 17 pole-pieces of outer and inner iron ring and p 3 = 13 pole-pairs of prime PMs. If the modulating pole piece or prime PM rotor is kept stationary, the gear ratio is (8) (9) where 24, 15 and 3 are the angular velocities of the polepiece, field PM rotor and prime PM rotor respectively. The parameters of the MG are shown in Table I and it is observed that both outer and inner field PM rotors have equal number of PM pole-pairs which is similar for the pole pieces.
C. Double-Stator Permanent Magnet Generator
The output electrical power of a DSPMG [21] produced from the voltage generated independently at the inner and outer stator is calculated as
E G is the generated rms voltage in Volts, f the frequency of the generator in Hertz, N the number of turns and is the magnetic flux through the coil winding in Weber. The current flowing through both inner and outer coils is calculated as (11) I a is the current, R a the armature resistance of the coil winding, R L the load resistance and L c the coil inductance. The total machine loss is calculated as (12) where P l is the total losses power, h the hysteresis coefficient, e the eddy current coefficient, is a constant and B the flux density of the magnet. The total output power, P out generated 
III. FINITE ELEMENT METHOD
A 2D-FEM numerical tool is used to evaluate the performance characteristics of the proposed machine. The back-electromagnetive force (Back-EMF) of the coil winding can be expressed as: (15) where e is the Back-EMF generated by one coil, L the axial length of the machine, S the area of conductor of each phase winding, + and -the cross sectional areas of the input and output conductor coil [22] . Fig. 3 (f) shows the period of magnetic flux density within the inner air gap between the prime PMs and stationary polepieces is 360°/13 = 27.69°. The number of flux density pulsations is equal to the number of prime rotor PMs (26 Poles). Also the effect of flux concentration results to dominant magnetic flux pulsation within the inner air gap at 30°, 120°, 195° and 300°. By applying Fast Fourier Transform (FFT), the stationary ring pole-pieces results to a number of asynchronous space harmonics, viz k 1. The largest 13th space harmonic order (m = 1, k = 1), pairs with the 13 pole-pair prime PMs. Fig. 4 (d) shows the radial component of the magnetic flux density waveform in the middle of the outer airgap due to the field PMs with its harmonic order. The period of magnetic flux density in the outer air gap between the field rotor PMs and stationary pole-pieces is 360°/4 = 90°. The number of flux density pulsations is equal to the number of field rotor PMs (8 Poles). The largest 4th space harmonic order (m = 1, k = 1), pairs with the 4 pole-pair field PMs. The 13th space harmonic pairs with the 4th space harmonic to transmit electromagnetic torque at a gear ratio of 3.25 which is in agreement with (1). IV.
A. Flux Density Distribution for Magnetic Gear
EXPERIMENTAL RESULT
A. Prototype Machine Fig. 5 shows the fabricated prototype with the outer stator and prime rotor. The mechanical construction of the machine is complex because of the presence of three rotors and two iron ring pole-pieces. Also the assembly of the machine is difficult particularly the PMs on the rotor since the three rotors are delicate and machined from solid steel with a thickness of 1 mm. The outer stator shown in Fig. 5 contains the prime rotor magnet, inner iron ring and inner field PM rotor. Eddy currents are not considered in the fabrication of the iron ring pole-pieces because the proposed machine is designed for low speed operation. For this reason the pole pieces are manufactured from solid steel. The transmission torque for both outer and inner rotors is difficult to measure as they are not connected to any output shafts but only the prime rotor is connected to an output shaft. The outer and inner rotors are free moving and both rotate on fixed bearings. The power speed characteristics of the prototype magnetic geared doublestator generator were measured experimentally to validate the calculated results from 2-D FEM. The test rig setup is shown in Fig. 6 . The prototype generator was coupled to an AC servo motor while a torque transducer measured the input speed and torque. A three-phase rectifier was connected to the output of the prototype and a single-phase programmable load was used to vary the load and measure the output voltage, current and power. The AC servo motor was used to drive the prime rotor of the prototype generator on no-load at 100 rpm for a transient period and then connected to a constant load ranging from 40 ohm to 100 ohm. Fig. 7 shows the measured and calculated voltage characteristics of the generator connected to a resistance load of 100 ohm, 80 ohm, 60 ohm and 40 ohm respectively. The voltage curve shows linearity and is proportional to both the input speed and output speed of the prime and field PM rotors respectively. The measured voltage values show good agreement with the calculated results. This observation is consistent with both current and power characteristics of the generator shown in Fig. 8 and Fig. 9 . However the measured maximum input speed applied to the prime rotor on no-load was 100 rpm because if the input speed was increased the magnetic gear slips due to the increased torque on the prime rotor which resulted to stalling of the generator. Table II shows a comparison of measured and calculated performance characteristics of the generator when the load resistance is 100 ohm. The speed of the generator drops from 100 rpm to 78 rpm on-load but due to magnetic gearing effect the field rotor converts the speed to 252 rpm which is obtained from the fundamental frequency of the measured voltage calculated as 16.8 Hz. The measured gear ratio of 3.23 is in good agreement with the calculated gear ratio of 3.25. Optimization in future work could generate optimal power at higher speed. V. CONCLUSION A novel double-stator PM generator integrated with a magnetic gear has been proposed and the power speed characteristics were calculated by using 2-D FEM. The validity of the predicted results was verified by measurement of a prototype. The measured power and speed characteristics are in good agreement with the calculated results which verifies the proposed machine design. However, the maximum rotational speed of the prime rotor on no-load is 100 rpm because the measured maximum transmission torque on the field PM rotors was 6 Nm and the magnetic gear slips when the input prime speed is greater than 100 rpm. The weak magnetic flux between the prime PM rotor and field PM rotors results to transmission torque loss. The analysis shows that by maximizing the transmission torque more power could be generated at higher speeds. The machine can be applied as wind turbines for renewable energy production of electricity particularly in low wind speed conditions because the magnetic gear can scale up the speed efficiently without maintenance and lubrication compared to mechanical gearboxes. Although a prototype wind turbine constructed with the proposed generator needs to be demonstrated to evaluate its performance characteristics. However the transmission torque of the generator needs to be improved to enable it operate at speeds of up to 1000 rpm. These problems will be addressed in future works.
B. Power Characteristics for Generator
